Consideration is given to data-based dynamic modelling and positioning of a pneumatic servo-actuator with time delay due to friction and air compressibility. A Smith predictor-type control scheme is considered to improve the control behaviour. System non-linearity is verified by the inability of linear modelling to provide satisfactory prediction. Data based dynamic modelling is undertaken using the group method of data handling(GMDH) neural network, a feedforward type neural network, and the techniques show potential for prediction of non-linear behaviour. Hence the time delay effect to the closed-loop control can be removed by incorporating the trained nonlinear model as a predictor in the feedback path. Conventional feedback control with/without the predictor are compared, and it is shown that the time delay system stability is significantly improved by using the non-linear predictor. The effect of time delay is most significant at small stroke changes of fast response demand and experiments were undertaken around the mid-stroke, which is less damped than any other position.
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Fluid Power. Fifth JFPS International Symposium (c) system has serious problems with response and steady state errors and has a limited response speed. A time delay affects system performance in closed-loop control such as transportation lag in a conveyor, thickness control in steel rolling mills, mechanical friction forces and pressure waves propagation in lines, slow temperature rises in chemical processes. Time delay causes degradation of system stability.
Controller design methods for linear system are available for setting parameters to eliminate the time delay effect [4] [5] . However, the problem remains in control of non-linear system with time delay over a large working range. Time delay in pneumatic systems, which is largely influenced by mechanical friction force between elements moving combined with slow pressure wave propagation due to air compressibility, significantly affects system stability at the demand of high control accuracy and fast response. Time delay was observed in a pneumatic system, Fig.1 , which illustrates the positioning of a pneumatic servo-actuator utilising a rotary direct-drive servovalve and a singlerod-double-acting cylinder.
Provided an accurate model of the system is available, the time delay effect can be removed by using the predicted future response, the control scheme being equivalent to delay "removal" from the feedback loop. This idea was proposed over 40 years ago as the Smith predictor control scheme [4] .
Artificial neural networks are receiving a great deal of attention in engineering and scientific applications, and particular the potential for modelling, prediction and control of non-linear systems [6] . Mutilayer perceptron (MLP) networks show their gradient descent learning advantage in some applications but training may be time consuming when the training data file is large and noise is present. The trained network requires all inputs used in the training process while some of them may be unnecessary. These concerns lose their significance using group method of data handling(GMDH) networks, which have been successful applied in nonlinear system modelling in previous research [7, 8] .
The Smith predictor is considered an effective method to remove the time delay effect in many applications, where valid linear model are available [4, 9, 10] and at the time the method was proposed, powerful non-linear modelling, computing and control techniques were not sufficiently matured. The ability to map non-linearities using neural networks [11, 121 and to integrate highspeed data processing make it feasible to consider a neural network predictor in the control loop to improve positioning accuracy and response speed of the pneumatic servo-actuator in this study.
a) The circuit b) The time delay observed A Smith predictor type control scheme is shown in Fig.  2a , which is a single-loop system incorporating a nonlinear predictive feedback, history output and control being inputs of the non-linear predictor, P(z). G(z) is the system dynamics without delay, d the delay samples. r(k) is the input, y(k) the output at time k, and y(k+d) the predicted output at the delayed time d, which is compared with the input to create the predicted error e(k) to feed a conventional PID controller D(z).
Once the time delay effect is removed by the predictor assuming the predictor is satisfactorily accurate, the scheme is equivalent to a typical feedback control without delay inside the loop, Fig. 2b . where y(k) is the expected output and others inputs to the model. A modified polynomial was used in the first hidden layer as follows:
In other hidden layers the input number to each neural remained 2, as in the original algorithm [11] . There are 9 inputs in each training pattern, 5 history outputs and 4 history inputs corresponding to an output. Therefore the number of neuron created in the first layer is, n1=C69= 42 and the maximum neuron number in each layer was set at 20. In the training, a neuron created in the first layer satisfied the criterion, rms=0.033, less than the 0.05 set. The trained network topology is depicted is Fig.3 together with that required for prediction in real-time control 
CONTROL
Experiments were undertaken to position the pneumatic servo-actuator using a PI controller incorporated with the trained GMDH model at the feedback path as the predictor, Fig. 2a . The predictor uses 3 history output and 3 history control samples to provide the estimation of the future response at the delayed time for calculating the required control action. Hence larger values of proportional gain than in control without predictor can be used to improve the response. The PI model transfer function was set as (100+0.1/s).
In each sampling interval, prediction was carried out recurrently up to the horizon, d=7. History data used in the model were updated at each sampling instant. The time delay is longer than the output recurrent number, 4, required in the trained GMDH model and the prediction at k+5 is carried forward as indicated by the topology of Fig. 3(b) . Square wave responses were considered in the experiments with amplitudes 5mm, 10mm and 15mm and results are shown in Figs 5-8.
A proportional gain of 100 is selected to give a reasonably fast response while producing a tolerable steady state error. Figures 5 shows the step response without and with predictor control for the larger amplitude. The significance of the approach may be deduced from Figure 6 which illustrates the control situation shown as Figure 5 for the larger amplitude case. In Figure 6 the predicted output transient is shown together with the actual output, indicating the close mapping between the two. Figure 7 shows 
